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2,3-Dimercapto-1-propanesulfonic acid (DMPS) is an acid molecule with two free sulfhydryl groups that form complexes with many heavy metals, including mercury. DMPS is effective at "clearing" the kidneys of mercury and improves kidney function in patients who have been exposed to heavy metals. However, the mechanisms by which DMPS reduces the renal tubular burden of mercury are still unclear. DMPS entry into renal cells appears to involve interaction with organic anion transport processes. For example, in isolated rat kidneys, net secretion of DMPS is inhibited by PAH and probenecid (20) , which are substrate and inhibitor, respectively, of the "classic" renal organic anion secretory pathway (27) . Recent studies found that DMPS interacts with the human (19) , rabbit (3) , and rat (21) orthologs of organic anion transporter OAT1. As a demonstrated organic anion/dicarboxylate exchanger (e.g., 32), OAT1 displays the "physiological fingerprint" long associated with the active, basolateral transport step of renal organic anion secretion (26) . Indeed, the characteristics of the DMPS interaction with OAT1 were shown to be present in isolated S2 segments of rabbit RPT, including the observation that DMPS can trans-stimulate the efflux of fluorescein, a model substrate for OAT1, from RPT cells (3) .
Because organic anion transport in intact proximal tubules reflects the net activity of all associated transport processes, the focus on OAT1 as the predominant element in active secretion of organic anions may be premature. Three related OATs (OAT2, OAT3, and OAT4) have been found in the kidney (29) . Of these, OAT2 and OAT3, in addition to OAT1, are expressed in the basolateral membrane of proximal tubule cells (6) , although in the rat, OAT2 is found within the apical membrane of the tubules of medullary thick ascending limb of Henle's loop and medullary collecting ducts (15, 22, 25) ; OAT4 expression appears to be restricted to the apical membrane of proximal tubule cells (2) . The physiological importance of OAT2 is not yet clear, but, in the human kidney, the very low level of OAT2 mRNA expression (compared with that of OAT1 and OAT3; 25) suggests that this transporter may play a comparatively modest role in the secretion of the broad array of substrates that typifies the classic organic anion transport process. As noted above, the ability of OAT1 to mediate organic anion/dicarboxylate exchange has been used to support the contention that OAT1 may be the major basolateral transporter in active organic anion secretion (e.g., 29). However, a recent study by Sweet et al. (30) demonstrated that OAT3 also acts as an organic anion/dicarboxylate exchanger to mediate organic anion transport. Thus energetically distinguishing OAT1 from OAT3 in organic anion transport may be difficult. We recently demonstrated that, in the rabbit kidney, OAT1 and OAT3 are equally involved in the basolateral accumulation of the mycotoxin ochratoxin A by cortical proximal tubules (Zhang X, Bahn A, Groves CE, and Wright SH, unpublished observations). Similarly, Sweet et al. (31) showed that renal slices from OAT3 knockout mice showed no mediated uptake of estrone sulfate (ES) or taurocholate and a Ͼ50% reduction of mediated PAH uptake, thereby implicating OAT3 as a quantitatively significant element in the secretion of the broad array of substrates that previously appeared to be the bastion of OAT1.
In the present study, we characterized the interaction of DMPS with two physiologically distinct basolateral organic anion transport processes as expressed in intact isolated rabbit RPT. We took advantage of the observation that the rabbit orthologs of OAT1 and OAT3 (unlike their counterparts in humans, rats, and mice) clearly distinguish between PAH and ES; whereas PAH is effectively restricted to OAT1, ES is restricted to OAT3 (Zhang X, Bahn A, Groves CE, and Wright SH, unpublished observations). In single isolated S2 segments of rabbit RPT, we found evidence for the coexpression of two distinct organic anion transport pathways. The first process supported PAH transport and was comparatively insensitive to ES, and this process is suggested to reflect activity of the rabbit ortholog of OAT1. The second supported ES transport and was virtually insensitive to PAH. This process is suggested to reflect OAT3 activity. Reduced (DMPSH) and oxidized DMPS (DMPSS) were found to inhibit both PAH and ES transport. In addition, based on the trans effects of extracellular substrates, we conclude that DMPSH is a transported substrate of both OAT1 and OAT3. However, transport of DMPSS may be restricted to OAT3.
METHODS

Materials
[ 3 H]PAH (4.54 Ci/mmol) and [ 3 H]ES (43.5 Ci/mmol) were purchased from PerkinElmer Life Science Products (Boston, MA). DMPS and 5,5-dithiobis(2-nitrobenzoic acid) (Ellman's reagent) were purchased from Sigma (St. Louis, MO). RT-PCR reagents were purchased from Roche Molecular System (Alameda, CA). All other chemicals were purchased from standard sources and were generally the highest purity available.
Preparation of Isolated Tubules
New Zealand White rabbits (1.5 kg, Harlan, Indianapolis, IN) were killed by intravenous injection of pentobarbital sodium. The kidneys were flushed via the renal artery with an ice-chilled HEPES-sucrose buffer containing 250 mM sucrose and 10 mM HEPES, adjusted to pH 7.4 with Tris base, bubbled with 100% O 2 before use. They were then gently removed and sliced transversely using a single-edge razor. A kidney slice was transferred to the lid of a plastic petri dish on ice, which contained the standard solution used for dissecting and bathing tubules (in mM: 110 NaCl, 25 NaHCO3, 5 KCl, 2 NaH2PO4, 1 MgSO4, 1.8 CaCl2, 10 Na-acetate, 8.3 D-glucose, 5 L-alanine, 0.9 glycine, 1.5 lactate, 1 malate, and 1 sodium citrate). This standard solution was aerated continuously with 95% O2-5% CO2 to maintain the pH at 7.4. The osmolality of the solutions averaged 290 mosmol/ kgH2O. S2 segments of proximal tubules were individually dissected from the cortical zone without the aid of enzymatic agents as described by others (5). All dissections were performed at 4°C, whereas all experiments were performed at 37°C. Transport rates were normalized to tubule surface area based on tubule lengths and diameters as determined from photomicrographs taken of each tubule before the experiment.
Preparation of Suspensions of Rabbit RPT
Suspensions of rabbit RPT were isolated and purified from New Zealand White rabbits (1.5 kg) as described elsewhere (17, 28) . The final tubule pellet was resuspended at a protein concentration of 2 mg/ml in the medium used for dissection of single S2 segments. Tubular protein was measured using a Bio-Rad protein assay (Hercules, CA) with a ␥-globulin standard.
Measurement of Transport in Nonperfused Single Isolated RPT
These experiments were performed in a manner similar to that used previously (7, 8, 16) . Briefly, tubules were maintained oxygenated (95% O2-5% CO2), transferred to oil-covered wells in a temperaturecontrolled chamber containing bicarbonate-buffer solution at 4°C to prevent evaporation until the start of each experiment, and photographed through a dissecting microscope equipped with a digital image capture system (Snappy, Play). Five minutes before the experiment, the bathing medium was warmed to 37°C. The tubules were then individually transferred to the oil-covered incubation medium at 37°C containing labeled substrate and appropriate test agents. After 15 s-5 min, uptake was stopped by transferring each tubule into 1 N NaOH for extraction. Accumulated labeled substrate was determined by liquid scintillation counting. Control and experimental uptakes were determined alternately and sequentially in tubules from the same kidney.
Measurement of Transport in Suspensions of Rabbit RPT
Tubule suspensions (2 mg/ml) were preincubated in Erlenmeyer flasks for 15 min at 37°C and gassed with 95% O 2-5% CO2. An aliquot of tubule suspension (0.5 ml) was transferred to a 15-ml tube containing 0.5 ml of incubation medium with 0.13 M [ 3 H]PAH or 5 nM [
3 H]ES and varying concentrations of unlabeled PAH or ES. After 30 s, 5 ml of ice-cold DMEM-F-12 medium (Sigma) were added to stop the uptake, and the tubules were pelleted. The rinse was repeated, the final pellet was dissolved in 0.5 N NaOH/1% SDS, and aliquots were taken for counting radioactivity. The intracellular concentration of radioactivity in each tubule at the beginning of the efflux period was calculated from the effluxed and residual radioactivity. The efflux was standardized by dividing the amount of radioactivity in the efflux bath by the total intracellular concentration at that time to give an efflux coefficient (cm/s) (9) . In each experiment, tubules from the same rabbit kidney were used for efflux into both control and experimental media. The incubations for all tubules were carried out simultaneously. All experiments were performed at 37°C.
Determination of PAH and ES Effluxes from Cells Across the Basolateral Membrane of Intact Nonperfused Tubules
Handling of DMPS
Solutions with DMPSH were prepared immediately before experiments, and oxidation of the free sulfhydryls within DMPS occurred at a rate of Ͻ6%/60 min (the typical time course of a transport experiment) under the conditions used in these studies. Solutions of DMPSS were obtained by bubbling a DMPS-containing solution in 2 mM phosphate buffer (Na 2HPO4), adjusted to pH 9.0 with Na3PO4⅐2 H 2O, with 100% O2 at room temperature for at least 24 h. Using Ellman's reagent (see below), we detected no free thiol groups remaining after this period. Therefore, we concluded that Ͼ90% of the material was oxidized.
Measurement of Free Thiol Groups
Ellman's reagent was used to determine free thiol groups (14) . Briefly, Ellman's reagent (in 1 mM phosphate buffer, pH 7.4) and the DMPS solution were combined, and the absorption was measured at 412 nm after the color had developed completely. Concentrations were calculated by comparison with standards containing known concentrations of reduced glutathione.
RT-PCR Protocol Using Grouped Kidney Segments
Tubule preparation and digestion. The kidney was perfused via the renal artery with cold sterile HEPES-sucrose buffer, pH 7.4. The kidney slice was gently removed and dissected in HEPES-sucrose buffer on ice using sterile conditions. Twelve to fifteen S2 segments were used for each RT reaction. A 2-l aliquot of tubules suspended in HEPES-sucrose buffer was transferred into a microfuge tube containing 4 l of 2% Triton mix (composed of 44.5 l sterile water, 2 l RNase inhibitor, 2.5 l 0.1 M DTT, and 1.2 l sterile Triton X-100). The digested tubules were kept at room temperature for 5 min and then quick-frozen in liquid nitrogen.
RT. Oligo(dT) 12-18 primers, random primer (3 g/ml), 10 mM dNTP mix, and sterile water were added to the digested tubules. After heating at 65°C for 5 min, 5ϫ first-strand buffer, 0.1 M DTT, and RNase inhibitor were added to each tube (RT and negative RT samples) and incubated at 42°C for 2 min. Superscript II (SSII; for RT) or sterile water (for negative RT) was mixed in each tube and incubated at 42°C for 50 min. The reaction was then inactivated by heating at 70°C for 15 min. RNase H was added to each tube, and the samples were incubated at 37°C for 20 min to remove RNA complementary to the cDNA. The resulting cDNA was used as a template for amplification via PCR.
PCR. cDNA from RT product or negative RT product was added to sterile water, (10ϫ) PCR buffer, 50 mM MgCl 2, 10 mM dNTP mix, and Taq DNA Polymerase. For amplification of cDNA, the forward and reverse primers for OAT1 or OAT3 were added to tubes containing either RT or negative RT products. Plasmid cDNA for OAT1 and OAT3 was also run for PCR to use as positive control for OAT1 and OAT3 amplification. Each tube was run on the thermal cycler by using a standard PCR program (94°C for 3 min followed by 34 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 3 min, final elongation for 10 min at 72°C, and held at 4°C). Amplified products were visualized with ethidium bromide on agarose gels.
Statistical Analysis
Data are summarized as means Ϯ SE. Tubules from different rabbits were used for each experiment. The level of significance for differences between means was determined with Student's t-test for paired values. In all analyses, differences were considered statistically significant when P Ͻ 0.05. (Fig. 1) . Sixty-second incubations of single tubules with ES were chosen for subsequent kinetic analyses, as this time point was the earliest point at which satisfactory radioactive counting could be obtained over the entire range of substrate concentrations used.
RESULTS
Time Course of ES Uptake in Single Nonperfused S2 Segments of Rabbit RPT
Kinetics of ES Uptake Across the Basolateral Membrane of Single Nonperfused S2 Segments and Suspensions of Rabbit RPT
The kinetics of peritubular ES uptake were examined to evaluate the physiological characteristics of the transport of this substrate by rabbit RPT. Figure 2A shows the kinetic profile of ES transport in single nonperfused RPT S2 segments. Increasing concentrations of unlabeled ES progressively inhibited the tubular accumulation [ 3 H]ES. The kinetics of ES uptake were adequately described by the following form of the Michaelis-Menten equation (24) J
where J is the rate of [ 3 H]ES transport from a concentration of labeled substrate equal to [*T]; J max is the maximum rate of mediated ES transport; K t is the ES concentration that results in half-maximal transport (Michaelis constant); [S] is the concentration of unlabeled ES in the transport reaction; C is a constant that represents the component of total ES uptake that is not saturated (over the range of substrate concentrations tested) and presumably reflects the combined influence of diffusive flux, nonspecific binding and/or incomplete rinsing of the tubules. In five separate experiments, the J max for ES uptake was 3.9 Ϯ 1.8 pmol⅐min Ϫ1 ⅐mm Ϫ2 , with a K t of 3.4 Ϯ 1.2 M. The kinetics of peritubular ES uptake were also examined in suspensions of rabbit RPT to evaluate the physiological characteristics of ES transport in native tubules comprising a population primarily of both S1 and S2 segments (Fig. 2B) . For kinetic analysis in suspensions, 30-s uptakes were measured because this time was the shortest point at which adequate radioactivity could be accumulated over the range of substrate concentrations employed. As with single tubules, unlabeled ES reduced the peritubular uptake of [
3 H]ES in RPT suspensions as described by the kinetics of competitive inhibition. Kinetic analysis of ES uptake in RPT suspensions (n ϭ 5) generated a J max of 1.2 Ϯ 0.6 nmol⅐mg Ϫ1 ⅐min Ϫ1 and a K t of 7.4 Ϯ 1.1 M. Interestingly, converting the J max for single S2 segments to uptake per milligram dry weight (0.6 Ϯ 0.3 nmol⅐mg Ϫ1 ⅐min Ϫ1 ) reveals that maximal transport of ES in single tubules is similar to the value measured in RPT suspensions.
Kinetics of PAH Uptake Across the Basolateral Membrane of Isolated RPT S2 Segments and Suspensions of Rabbit RPT
For kinetic analyses, incubations for PAH uptake were performed at 15 and 30 s for single tubules and tubule suspensions, respectively (as used in our previous studies) (10) . Increasing concentrations of unlabeled PAH progressively reduced the uptake of [ 3 H]PAH (Fig. 3, A and B) , a relationship that was described by the kinetics of competitive inhibition using the above equation. The J max for PAH uptake into nonperfused single S2 segments was 47.2 Ϯ 12.7 pmol⅐min Ϫ1 ⅐mm Ϫ2 (n ϭ 5) (or 7.7 Ϯ 2.1 nmol⅐mg Ϫ1 ⅐min
Ϫ1
), whereas the J max for PAH uptake by tubule suspensions, which represents PAH accumulation by S1 and S2 segments, was approximately sixfold lower (1.4 Ϯ 0.5 nmol⅐mg Ϫ1 ⅐min Ϫ1 ). In contrast, the K t for PAH uptake by S2 segments (K t ϭ 66.9 Ϯ 20.5 M) was similar to that measured for tubule suspensions (K t ϭ 57.6 Ϯ 17 M; n ϭ 5). The affinities for PAH uptake in both single S2 segments and tubule suspensions are also similar to those reported previously by our laboratory (11) . As emphasized below, this uptake probably reflected activity of OAT1.
Reciprocal Inhibitory Effects of PAH and ES
ES has been shown to interact selectively with OAT3, over OAT1, (e.g., 31). Figure 4A indicates that, in single rabbit RPT, ES has a comparatively weak inhibitory interaction with basolateral PAH uptake. The concentration of ES that blocked 50% of basolateral PAH uptake (IC 50 ) was calculated using the relationship (39)
in which J is the rate of uptake of labeled substrate; J 0 is the rate of labeled substrate uptake in the absence of inhibitor; [I] is the concentration of inhibitor; and n is the Hill coefficient. measured in S2 segments. Consequently, the inhibition of PAH transport by ES must reflect an interaction of ES with a pathway distinct from the one that mediates ES uptake. In other words, basolateral PAH uptake in rabbit RPT probably reflects a relatively exclusive interaction with OAT1, with little or no interaction with the OAT3 transporters that supported highaffinity ES transport. Indeed, in experiments with suspensions of RPT, the comparatively weak inhibition of PAH uptake produced by ES was not competitive but, instead, displayed a "mixed-type" profile (i.e., influencing both J max and apparent K t ; data not shown).
When expressed in heterologous expression systems, the rabbit orthologs of OAT1 and OAT3 display marked preferences for PAH and ES, respectively (Zhang X, Bahn A, Groves CE, and Wright SH, unpublished observations), results consistent with the present observations on the reciprocal inhibitory interactions of PAH and ES with basolateral transport of these compounds (Fig. 4B) . In four experiments with S2 segments, PAH inhibited [ 3 H]ES uptake with an IC 50 of ϳ3 mM, which was ϳ50-fold higher than the K t for PAH uptake into isolated S2 segments of rabbit RPT. Thus the ES transport process inhibited by PAH is not likely mediated by OAT1. Although the observed inhibition of ES transport by PAH could reflect an interaction with OAT3, this inhibition did not appear to reflect strict competition; the highest concentrations of PAH tested were unable to block Ͼ50-60% of total [ 3 H]ES uptake and, as noted above, that interaction was not with OAT1. It may well be that large concentrations of PAH exert an indirect effect(s) on ES transport.
Interaction of DMPS with Basolateral PAH and ES Transport in Rabbit RPT
DMPS can exist in either the DMPSH or DMPSS form, with the latter comprising some 80% of the DMPS in the blood within 30 min of its introduction to the circulatory system (23). Figure 5 shows the effect of DMPSH and DMPSS on the uptake of [ 3 H]PAH into single nonperfused RPT. Evidence discussed below showed that DMPSH served as a substrate of OAT1. Consequently, the inhibitory interaction shown in Fig.  5 probably reflected competition between DMPSH and PAH for a common binding site, a relationship described by rearranging Eq. 1 (16)
where J app is defined as (K i /K t )J max and K app is an apparent K i for the test agent that is defined as
The K app for inhibition of PAH uptake by DMPSH and DMPSS was 406 Ϯ 49.2 and 766 Ϯ 190 M, respectively (Fig. 5, A and B) . Calculation of the K app for DMPSS was complicated by the fact that in saline solution DMPSS exists as a mixture of species. Although Ͼ90% of the DMPSS in our transport buffers was in a cyclic dimeric form (19), the test solutions presumably included both cis and trans configurations of the dimer. As a result, the molecular form (and therefore molar concentration) of DMPSS in our solutions was not precisely defined. In view of this caveat, the concentration of DMPSS was expressed as the concentration of DMPSH present before oxidation ("DMPSH equivalent concentration"). While there was ambiguity concerning the exact molar concentration of oxidized DMPS in our solutions, DMPSS was clearly an effective inhibitor of [ 3 H]PAH uptake in single nonperfused RPT (Fig. 5B) . These data demonstrated that both forms of DMPS interact with OAT1 in native rabbit RPT.
As shown earlier, ES transport in rabbit RPT is likely to be largely restricted to OAT3. Figure 6 shows that DMPSH and DMPSS interact with OAT3, as shown by their inhibition of ES transport into rabbit RPT. In seven separate experiments using S2 segments, the K app for inhibition of PAH uptake by DMPSH was 321 Ϯ 66.5 M (Fig. 6A) . For DMPSS, the K app was 696 Ϯ 167 M (n ϭ 6; Fig. 6B ).
Effects of Unlabeled PAH and DMPSH and DMPSS on Efflux of [ 3 H]PAH and [ 3 H]ES Across the Basolateral Membrane of Isolated Tubules
Despite the observed inhibitory interaction between DMPS and the transporters for PAH and ES in rabbit RPT, independent evidence was sought that the two species of DMPS serve as transported substrates for the two carriers. Isolated tubules were preloaded with radiolabeled substrate and then placed in a bath containing a comparatively large concentration of an unlabeled test compound to determine whether an inwardly directed trans gradient stimulated efflux of the preloaded labeled compound. Figure 7 shows the effect on the [ 3 H]PAH efflux coefficient caused by imposing inwardly directed gradients of unlabeled PAH (1 mM), unlabeled DMPSH (2.5 mM), and unlabeled DMPSS (2.5 mM). Consistent with previous observations (11), the inwardly directed gradient of PAH trans-stimulated PAH efflux, in the present case by 25%. The inwardly directed gradient of DMPSH also resulted in a small (8%) but significant (P Ͻ 0.05) stimulation of PAH efflux. The gradient of DMPSS, however, did not stimulate PAH efflux. Instead, the inwardly directed DMPSS gradient decreased PAH efflux by 25% (P Ͻ 0.05). Whereas these data are consistent with the conclusion that DMPSH is transported by OAT1, the oxidized form of the chelator was either not transported or turnover of the DMPSS-loaded exchanger occurred at a sufficiently low rate (compared with control) that PAH efflux was slowed. Figure 8 shows the effect of the inwardly directed gradients on the efflux of 
Expression of OAT1 and OAT3 mRNA in S2 Segments of Rabbit RPT
RT-PCR was used to amplify sequences specific for the rabbit orthologs of OAT1 and OAT3 mRNA obtained from isolated S2 segments of rabbit RPT. In Figure 9 , a representative gel of amplified OAT1 and OAT3 products shows that both orthologs were routinely found in isolated S2 segments. Amplified fragments were excised from a representative gel and sequenced, confirming the identity of the products. These data indicate that both of these transporters are expressed in the S2 segment and support the contention that the transport of PAH and ES reflects activity of OAT1 and OAT3, respectively.
DISCUSSION
DMPS has been used clinically to treat intoxication by heavy metals, including mercury and arsenic (1) . It reduces their accumulation in the kidney and increases their urinary excretion (1). The proximal tubule organic anion secretory pathway is apparently involved in this detoxification process. Experimental findings in an oocyte expression system and isolated S2 segments of rabbit RPT indicate that DMPS acts as an OAT1 substrate for transport into the cell across basolateral membrane of RPT (3, 19, 21, 37) . Once inside the cells, DMPS can combine with the heavy metal, move across the luminal membrane, and be excreted in the urine. The results from the present study using isolated S2 segments of rabbit RPT confirmed that DMPS interacts with and is transported into the cells by OAT1. The data showed that the uptake of PAH, a model substrate for OAT1, was inhibited by DMPS in single S2 segments. The stimulatory effect of reduced DMPS on PAH efflux across the basolateral membrane of intact S2 segments indicated that reduced DMPS not only was bound to but also was transported by OAT1. These results are in close agreement with previous reports involving the human ortholog of OAT1 (19) , the rabbit ortholog of OAT1, and isolated S2 segments of rabbit RPT (3).
We also used ES to examine the interaction of DMPS with and possible transport by OAT3 in renal tubule cells. ES was transported across the basolateral membrane of single S2 segments and suspensions of RPT (comprising S1 and S2 segments) with a K t of 3.44 and 7.7 M, respectively. These values are extremely similar to the K t of 4.5 M for ES uptake mediated by the rabbit ortholog of OAT3 when expressed in Chinese hamster ovary (CHO) cells (Zhang X, Bahn A, Groves CE, and Wright SH, unpublished observations). In addition, rabbit OAT3 has been shown to interact very weakly with PAH, with IC 50 values Ͼ1,000 M when expressed in CHO or COS-7 cells (Zhang X, Bahn A, Groves CE, and Wright SH, unpublished observations). Thus basolateral uptake of ES in intact rabbit RPT probably reflects activity of OAT3, and not of OAT1, whereas uptake of PAH is probably indicative of OAT1 activity, and not of OAT3. The present results showed that DMPSH inhibited ES uptake into S2 segments of rabbit RPT. The K app values for inhibition of ES and PAH uptakes by DMPSH were quite similar (321 and 406 M, respectively), indicating that rbOAT1 and rbOAT3 have comparable affinities for DMPS.
Because DMPS is rapidly oxidized within 30 min in saline and blood and the oxidized form exists to a significant extent in blood (18, 23) , we also examined the interaction of DMPSS with the transport of PAH and ES in isolated rabbit RPT. The results showed that PAH uptake was inhibited by DMPSS, which implied that DMPSS could interact with OAT1. These data are consistent with observations from a previous study in human OAT1-expressing Xenopus laevis oocytes (19) . The K app value for DMPSH inhibition of PAH uptake in S2 segments was about twofold lower than that of DMPSS (406 and 766 M, respectively). A similar result was observed for DMPS inhibition of ES uptake (K app of 321 and 696 M for DMPSH and DMPSS, respectively). The difference in these K app values was similar to the relative difference observed for those values obtained in the study of human OAT1 in the oocyte expression system (22.4 M for DMPSH and 66 M for DMPSS) (19) . In the present study, well over 90% of DMPS was oxidized after bubbling with 100% O 2 for at least 24 h. However, because a solution of DMPSS so prepared mainly consists of cyclic dimers and some trimers (19) , the actual concentration of DMPSS was probably less than onehalf of the starting concentration expressed in DMPS equivalents. Thus the K app value for DMPSS is almost certainly an underestimate of the affinity of this compound for the PAH uptake pathway(s) in intact RPT. This information suggests that OAT1 has a comparable affinity for DMPSH and DMPSS in single S2 segments.
It is important to note that these inhibitory effects do not demonstrate that DMPS is actually transported by either OAT1 or OAT3. Consequently, we examined the influence of transoriented DMPS gradients on the flux of PAH and ES as an indirect indicator of DMPS transport. Trans-effects, be they Fig. 9 . Detection of rabbit organic anion [rbOat1 (left) and rbOat3 (right)] mRNA levels by RT-PCR in isolated single S2 segments of rabbit RPT. mRNA prepared from 12-15 tubule segments was used for first-strand cDNA synthesis. Subsequent PCR amplification was performed with rbOat1-or rbOat3-specific primers using the indicated amount of RT reaction. Negative controls consisted of product obtained from tubule reactions run without added reverse transcriptase (to test for the influence of genomic DNA). PCR products for the negative controls (ϪRT) and for rbOat1 and rbOat3 (RT) were loaded on gels and visualized with ethidium bromide. Left lanes, base pair ladder (ldr); right lanes, the amplified products obtained when the cDNA-containing plasmid for each transporter was used as a template (tmpl). stimulatory or inhibitory, must be interpreted with caution; alternative explanations for such effects do exist (e.g., allosteric influences on transporter function). Nevertheless, the modest, but significant, trans-stimulatory effect of an inwardly directed gradient of reduced DMPS on PAH and ES efflux suggests that DMPSH is transported by OAT1 and OAT3 (Figs. 7 and 8 ). An inwardly directed gradient of oxidized DMPS, in contrast, only stimulated efflux of ES from preloaded tubules. Indeed, the 15-s efflux of PAH was inhibited when DMPSS was present in the bathing medium (Fig. 7) , implying that DMPSS interacts with but is not necessarily transported by rabbit OAT1 (or may bind to the transporter and slow down its rate of turnover). This observation, coupled with the fact that trans-stimulatory effects of reduced DMPS on ES efflux were routinely greater than those observed for PAH efflux, suggests that, although both OAT1 and OAT3 may transport DMPS into the cells of rabbit S2 segments of RPT, OAT3 may be the more important route for DMPS entry into RPT.
The apparent affinity of DMPS for PAH transporters in rabbit tubules was much lower than that measured in human OAT1-expressing X. laevis oocytes (19) . It was also significantly lower than the K app measured for DMPSH inhibition of fluorescein (FL) uptake in COS-7 cells expressing rabbit OAT1 (102 M) and nonperfused rabbit S2 segments (71 M) (3). These differences may result from a number of factors, including differences in the techniques and substrates used in each experiment. The previous studies with COS-7 cells expressing rabbit OAT1 and with rabbit RPT S2 segments examined the transport of FL, a substrate for both rabbit OAT1 and OAT3 The transport of organic anions across basolateral membrane is the net activity of all associated transporters present. Transporters other than OAT1, such as OAT3 and the sodiumdicarboxylate transporter 3 (NaDC-3), are expressed in the basolateral membrane of the RPT, and these can transport organic anions as well. A recent study demonstrated that DMPS is translocated by flounder NaDC-3 expressed in oocytes (4) . Thus DMPS appears to be able to enter renal cells by at least three distinct basolateral processes.
Like OAT1, OAT3 is expressed in the basolateral membrane of RPT in the human (6) and rat (22) . In rats, distribution of OAT1 along the tubule is largely limited to the S2 segment (22, 33) , whereas OAT3 shows immunoreactivity in all segments (S1 Ͼ S2 ϭ S3) (22) . However, in human renal tissue, OAT1 expression is not restricted to the S2 segment; instead, it appears to occur in all segments of the proximal tubule (25) . Thus the distribution of OAT1 may differ from species to species. In human renal tissues, OAT3 mRNA is the most highly expressed member of the organic anion transporter family. The present physiological data suggest that both OAT1 and OAT3 play significant roles in organic anion transport across the basolateral membrane of rabbit RPT. Moreover, the RT-PCR data on S2 segments of rabbit RPT confirm the existence of both OAT1 and OAT3 in these segments.
The maximum plasma concentration of DMPS in humans after a normal intravenous dose is on the order of 70 M (23). Although this is 8-10 times lower than the apparent K i for interaction of DMPS (both DMPSH and DMPSS) with OAT1 and OAT3 (in intact rabbit tubules), it is appropriate to acknowledge that the plasma concentration of endogenous substrates, for which these transporters frequently display a higher affinity (e.g., endogenous hippurates, estrone sulfate), is unlikely to exceed the submicromolar level. Thus clinical concentrations of DMPS are not likely to interfere with the interaction of OAT1 and OAT3 with their physiological substrates, and it is equally unlikely that these physiological substrates will interfere with the interaction of DMPS with the secretory opportunities offered by these OATs.
In conclusion, the present data suggest that both OAT1 and OAT3 can translocate DMPSH across basolateral membrane into renal cells, at least in the S2 segment of the rabbit RPT. However, DMPSS, which is the predominant form in the blood, may be transported only by OAT3, and this may be the dominant transporter for DMPS in this tubule segment. This study provides the first evidence that both OAT1 and OAT3 can play roles in DMPS transport into the cells of intact renal tubules.
